SUMMARY In 1969, a new method was published for estimating the mass of electrically active muscle in the left ventricle (electrical LVM). The present paper reports a prospective test of this method, using a series of 113 patients. These patients were believed not to have had myocardial infarctions, so that their electrical LVM should equal their anatomic LVM, which was independently determined from LV biplane angiocardiograms. In fact, the correlation coefficient between electrical LVM and angiographic LVM was r = 0.85, and the root mean square deviation of electrical LVM, relative to the angiographic LVM, was 66 grams. It was concluded that the electrical LVM estimate had an accuracy of about one-third of an average normal LVM.
A METHOD OF ESTIMATING LEFT VENTRIC-ULAR MUSCLE MASS (LVM) from electrocardiographic data was previously reported.1 In that study, data from a series of 72 patients, for whom LVM was known from biplane angiograms, were used. It was shown that the standard error of the electrocardiographic estimate of LVM was 49 grams. However, the study was partly retrospective in nature, since the estimation procedure was not completely specified independently of the patient data reported. More specifically, the values of the two parameters used in the A special case of LVM estimation is the diagnosis of left ventricular hypertrophy (LVH). To test the diagnostic performance of the method, the series was partitioned on the basis of angiographic LVM, into two subseries: normal LVM and above normal LVM. These subseries were used for a set of trial diagnoses of LVH by the new method: the specificity was 84% and the sensitivity was 86%. For comparison, trial diagnoses using the Sokolow-Lyon criterion on the standard 12-lead electrocardiogram gave a specificity of 84% and a sensitivity of 50% and the Romhilt-Estes point-score method gave a specificity of 95% and a sensitivity of 49%. Diagnosis of LVH by this new method is more reliable than by traditional electrocardiographic methods. procedure were determined by these same data. A sharp distinction between developing the method, and testing it, was not maintained.
If a stringent test of the method is desired, it is necessary to obtain additional data, which had in no way been involved in the development of the method, and test the performance of the method prospectively. The present paper reports such a study, in which the exact, unmodified procedure specified by the original study was applied to data from a new series of 113 patients, none of whom had been involved in the original study.' Using this series, it will be shown that the root mean square (RMS) deviation of the LVM estimate is about 66 grams, about one-third of the average mass of LV in normal males. Methods
The electrocardiographic method has been reported earlier2 and will be only briefly outlined here. Electrocardiographic data from 126 electrodes are reduced, using a CIRCULATION distributed-source model of the heart as a generator of electrical current, coupled to a realistically-shaped inhomogeneous model of the chest as a current conductor. From a simple set of modeling assumptions such as constancy of the propagation velocity of the depolarization wavefront through the ventricular myocardium, it follows that a certain derived quantity, known as "the dipole activity in the LV free wall and interventricular (IV) septum" should be linearly related to the mass of electrically-active muscle in the same anatomic segments. However, the two parameters of the linear relationship are not given by the model a priori. The existence of the linear relationship was confirmed, and the two parameters were determined empirically, by the study previously reported.' This completed the specification of a completely objective method for estimating the mass of electrically-active muscle in the LV free wall and IV septum (electrical LVM). The method is referred to as Multiple Dipole Electrocardiogram (MDECG).
In order to test the method, it is of course necessary to have some independent (nonelectrocardiographic) method of estimating LVM in a given patient. The independent method used in these studies was quantitative biplane angiography, which has been shown to estimate anatomic LVM with a standard error of 31 grams,3 about one-sixth of the average normal LVM.
Various standard 12-lead ECG criteria were also tested and compared with the MDECG.
Patients
A total of 1234 cases of 126-lead electrocardiographic data have been recorded on human subjects. Informed consent was obtained from each before recording. Biplane left ventricular angiograms were obtained within a few days of the 126-lead recordings, but an interval of up to three months was allowed if no specific event (such as surgery or infarction) occurred to change the clinical status of the patient.
Research quality LV biplane angiograms as judged by the cardiac catheterization laboratory director were available in 298 cases. Of these, 72 formed the series reported in the earlier paper.' Fifteen cases had left bundle branch block (LBBB) and were assigned to a LBBB series to be reported on later. The remaining 211 cases were partitioned into two series on the basis of whether or not the patient had had a myocardial infarction. A positive finding of infarction was made only when BOTH of the following two conditions were satisfied: 1) a typical history of one or more episodes of infarction; 2) either observation of characteristic serum enzyme elevation during the acute phase, or the existence of coronary arteriograms showing total occlusion of at least one coronary artery (a few cases of about 80% occlusion were included when the evidence in [1] was particularly striking). Electrocardiographic evidence was not used in this determination. Preliminary studies on this group of 98 patients are reported elsewhere. 4 The remaining 113 cases were assigned to a no-infarction series and constitute the data base for this report. These cases are listed in table 1. Their ages range from 14 to 75 years, 11 individuals being below 25 years of age. Twenty of Age   33  52  43  47  48  52  49  43  20  35  42  44  53  19  43  22  27  63  58  21  31  53  59  47  57  19  21  33  52  50  42  60  16  34  34  45  48   38  30  43  49  27  30  50  59  41  51  32  45  28  62  17  46  29  18  63  14   45  55  41  16  47  55  37  75  52  46  63  51  50  31  30  38  62  50   57   64  67  45   40  50  41  60  55  59   47   54  63  58  34  42  58   49   40  46   47   60  54  64  22   Dx   PCD, CHF   MI, MS, CHF   IHSS  AI, AS, MI, MS  PH,CRBBB  PMD, CHF  AS, )   295  291  411  297  282  272  415  297  158  207  179  422  429  174  190  226  276  506  189  148  410  301  239  203  196  213  532  473  489  233  227  630  259  240  142  215   319  270  489  219  356  475  223  480  310  979  320  170  187  217  166  207  194  208  190  208   348  402  207  375  225  222  154  161  345  263  291  198  313  219  185   154  217  204  155  149  210  178  223  255   164   176  272  336  261  194  140  302   170   314   204  506  273   263  345  170  155  184   205  355   LVM  (MDECG)   184  340  302  301  271  392  250  175  216  203  213  405  664  210  200  242  287  624  221  233  447  298  227  238  178  272  406  311  291  224  264  586  390  275  171  197   304  278  579  265  305  376  169  463  330  950  243  223  197  254  182  459  229  217  233 these patients have coronary arteriograms showing coronary artery disease. Several of these patients had severe coronary artery disease but did not meet the criteria for transfer to the infarction series. Twenty of the patients had right bundle branch block (RBBB). Ten patients who were symptomatic but had no objective evidence of cardiac disease were categorized as normal.
Since the chest model was intended to represent male patients, female patients were not usually recorded. However, the series includes three female patients, who were recorded for extraneous reasons.
Results

Estimation of LVM
The MDECG method was used to calculate the electrical LVM for each of the 113 cases and compared with the angiographic LVM for each case. These data appear in table I and are plotted in figure 1 . It can be seen that there is good agreement between the two methods in most cases. The largest percentage deviation occurs in case 638, a 17-year-old girl with idiopathic hypertrophic subaortic stenosis. For the entire series, the RMS deviation of electrical LVM from angiographic LVM is 66 grams, about one-third of the average normal LVM. The correlation coefficient between electrical LVM and angiographic LVM is r = 0.85. These results are shown in table 2. Table 2 also shows the quantitation of LVM by the standard 12-lead ECG. The correlation coefficient between the Sokolow-Lyon5 quantity (SV1 + RV 5,,) and angiographic LVM was r = 0.44. The Grant' criteria from the standard ECG gave similar correlations.
Diagnosis of Left Ventricular Hypertrophy
In some circumstances, the physician may not believe that an accurate estimate of LVM is necessary. It may be sufficient to have a simple binary statement of whether a patient does or does not fall within the normal range of LVM. This is the problem of differential diagnosis of left ventricular hypertrophy (LVH) versus LV normotrophy (LVN). In this paper, diagnosis of LVH is regarded as a crude form of estimation of LVM. This problem may be simulated, using the present data, by partitioning the series on the basis of angiographic LVM. Kennedy and co-workers7 established the average male angiographic LVM as 1'88 grams, with a standard deviation of 33 grams. (For the ten normal subjects in the present series, the mean angiographic LVM is 181 grams with standard deviation of 38 grams.) If we take two standard deviations above the mean (i.e. 254 grams using Kennedy's values) as our dividing line, 63 cases are below this line and therefore constitute an LVN subseries, and 50 cases are above it and form an LVH subseries. The diagnostic performance of any electrocardiographic method can then be assessed by running a series of "trial diagnoses" to determine the percentage of patients in each subseries correctly categorized by the electrocardiographic method. The diagnostic performances of the MDECG and the standard ECG for LVH are shown in table 2. If we adopt the same cutoff value for electrical LVM as for angiographic LVM, the MDECG method correctly classified 53/63 in the LVN subseries and 43/50 in the LVH subseries. Thus the specificity (percentage of normals correctly classified) of the method is 84% and its sensitivity (percentage of abnormals correctly classified) is 86%. The average of specificity and sensitivity is known as "diagnostic performance score," or simply "performance," which is therefore 85% for the MDECG method. The corresponding figures for the 12-lead ECG, using the Sokolow-Lyon criterion, are specificity = 85%; sensitivity = 50%; performance= 67.5%. For the Romhilt-Estess point-score system (using 4 points as the upper limit of normal) the values obtained were specificity = 95%; sensitivity = 49%; performance = 72%. The Grant criteria performed similarly.
For any diagnostic method specificity can be improved (at the expense of sensitivity) by raising the criterion. For example, at a specificity of 95% the sensitivity of the MDECG method is 73% giving a performance of 84%. This tradeoff is further discussed below.
Discussion Patient Series
The selection of these cases was outside the control of the present study. Our procedure was to scan the catheterization schedules as they were issued, and make 126-lead electrocardiographic recordings on as many of the catheterized patients as could be accessed. Whether or not a particular catheterization procedure included LV biplane angiograms was also outside the control of this study. Thus we believe that our cases can justifiably be described as "unselected," from the point of view of this study.
The series consists of a heterogeneous group of cardiac patients. The only exclusions, apart from those for technical reasons, were patients with well-documented myocardial infarctions and those with LBBB (the heart model underlying the MDECG method is known to be wrong in the presence of LBBB).
Since some studies have shown that the presence of RBBB make electrocardiographic detection of LVH difficult,9 it may be worth emphasizing that patients with RBBB were not excluded. The justification for this is based upon a recent report by the authors showing that the presence of RBBB did not interfere with ability of the MDECG to diagnose and quantitate LVH accurately.10 In that study the specificity = 96%; sensitivity = 94%; performance = 95%; and the RMS error of the angiographic LVM estimate was 64 grams.
Establishing the Validity of a New Method
When attempting to establish the validity of a new method, it is important to maintain a sharp separation between retrospective and prospective studies, that is, between the "learning" and "testing" phases. In a typical retrospective study, data from a series of patients are used to develop a method (e.g., by fixing adjustable parameters) and the resulting final version of the method is then applied back to that same series. The danger is that, during the development, the method has been adjusted for optimal performance on these particular patients. The performance of the method on this particular series will in general be better than its performance on a different series of patients. A more realistic estimate of the performance of a method comes from a prospective study, in which the method developed is applied without further adjustment to a "testing" series of patients, which has no overlap with the "learning" series.
Although classified as retrospective, our original study' should not have been overly optimistic, since only two parameters were determined from 72 data points. It is therefore gratifying to note that the accuracy revealed in the present prospective study, 66 grams, is only a mild deterioration from the 49 grams reported earlier.' This deterioration is probably caused by the fact that the series used in this prospective study is more heterogeneous than the original series.
It is worth emphasizing that after the first study had determined the two unknown parameters of the theoretical linear relationship, the calculation of electrical LVM from the 126lead electrocardiographic data was completely prescribed. No adjustable parameters remain, nor are any subjective judgments involved. In fact, the entire procedure is written as a computer program.
Choice of a Criterion Level in Diagnosis
In order to make a trial differential diagnosis on the basis of an electrocardiographic method, a criterion level must first be established. For example, the level for the Sokolow-Lyon criterion is usually taken as 35 mm deflection at standard gain. However, there have been discussions of the effect of altering this criterion level. For example, Baxley and associates" discussed the effect of raising the Sokolow-Lyon level to 40 mm and Romhilt and Estes8 discussed 4-point and 5-point criteria. It is instructive to treat the criterion level as a variable quantity, and investigate the diagnostic performance obtained for a patient series as a function of the criterion level. This shows all possible combinations of specificity and sensitivity for the method applied to this particular series. At each setting of the level, we place a point on a graph of specificity versus sensitivity. As the criterion level is raised, this point follows a trajectory on the graph; the closer this trajectory approaches the perfect point (specificity = 100%, sensitivity = 100%), the better is the optimal performance for the diagnostic method being evaluated. Figure 2 shows such a performance trajectory for diagnosis of LVH by the MDECG method. The performance level of 85% is exceeded for criterion levels from 229 to 277 grams in electrical LVM, a range of 48 grams. Comparing this to 33 grams, the standard deviation of angiographic LVM in a series of normal subjects,7 we conclude that the diagnostic performance of the MDECG method is not sensitive to the choice of criterion level. We have also checked that varying the cut-off value of angiographic LVM up or down by one standard deviation (i.e., altering the criteria for producing the LVH and LVN subseries) has only a minor effect on the performance trajectory. These are points A and C, respectively, in figure 2.
Performance trajectories for the standard 12-lead ECG, using the Sokolow-Lyon and Romhilt-Estes methods, are also shown on figure 2. 
Value of 126-lead Electrocardiograms
The 126-lead electrocardiographic data exist independently of any attempt to interpret them, and may therefore be regarded as a data bank which can be independently analyzed many times by different methods. Analysis by the MDECG method has been reported in the present paper and its predecessor.' Kornreich has taken the same data bank and independently analyzed it by an entirely different method.12 In a trial diagnosis of LVH, using a series of 30 patients with LVH and 45 normal subjects, his method had specificity 93% and sensitivity 90%. The fact that two independent methods of analysis both give results superior to those obtained from standard ECG supports the idea that there is significantly more diagnostic information available from 126 leads than from 12 leads.
Prospects for Clinical Use of the MDECG Method
From this prospective study, we conclude that the MDECG method may be relied upon to quantitate electrical LVM. The accuracy obtained is about one-third of the average normal human male LVM. It may be of interest to discuss the effort, equipment, and expense involved in the MDECG method,
The recording of over 2,000 human and canine cases has been regarded throughout as a research protocol, and few attempts have been made to simplify or "streamline" the procedures. The 126 electrodes are placed on the chest one "column" (7 electrodes) at a time, carefully located with respect to anatomical landmarks. This takes the technician about 15 minutes. Recording the data takes a further 5 minutes. With our present equipment, the data are recorded one column at a time on 18 different heartbeats and therefore must be time-aligned. This takes a few minutes, using a small laboratory computer. When acquired in the early 1970s, the cost of the laboratory computer and associated electronic equipment was approximately $40,000. Thus the hardware costs to date are approximately $20 per case. Since the cost/performance ratio of computing hardware has been falling by roughly a factor of 10 every five years,'8 functionally equivalent hardware could be obtained today at substantially lower cost.
The output of the laboratory computer is the basic 126lead electrocardiographic data for each case. The 126-lead data are then transferred to the computing center, where the electrical LVM is computed at a cost of about two dollars.
